We have characterized a recently established mouse pheochromocytoma cell line (MPC 9/3L) as a useful model for studying neurotransmitter release and neuroendocrine secretion. MPC 9/3L 
Introduction
Pheochromocytomas are tumors derived from catecholamine-producing adrenal chromaffin cells (Greene and Tischler 1976 ). They are rare in the human population at large (Beard et al. 1983 ) but occur with increased frequency in patients with the hereditary disease, neurofibromatosis type 1 (Riccardi 1981) . Jacks et al. developed a knockout mouse with a germline mutation in the murine homologue of the NF1 gene (Jacks et al. 1994) . Although the homozygous mutation is lethal, heterozygous animals show an increased frequency of pheochromocytomas (Jacks et al. 1994 ) compared to wild type mice (Tischler et al. 1996) .
Recently, Powers et al. established immortal mouse pheochromocytoma (MPC 1 ) cell lines from those tumors (Powers et al. 2000) .
The rat pheochromocytoma (PC12) cell line is widely utilized as a model to study synthesis, storage and secretion of catecholamines and regulation of nervous system development. PC12 cells are chromaffin-like cells that differentiate toward a neuronal phenotype in response to nerve growth factor (NGF), which causes these cells to extend long processes and become electrically excitable (Greene and Rein 1977; Greene and Tischler 1976) .
In contrast, dexamethasone (DEX) treatment induces a more endocrine-like phenotype and upregulates catecholamine synthesis and storage (Tischler et al. 1983) . Untreated PC12 cells express high voltage-activated Ca 2+ channels that include L- (Usowicz et al. 1990 ), N- (Usowicz et al. 1990 ), P/Q- (Liu et al. 1996) , and R-types (Rane and Pollock 1994) and neuronally differentiated PC12 cells typically exhibit enhanced expression of those channels (Garber et al. 1989; Powers et al. 2000) in addition to low voltage-activated (T-type) Ca 2+ channels (Garber et al. 1989) . PC12 cells are a useful model for studies of secretory mechanisms, as they rapidly release vesicles in a Ca 2+ -dependent manner (Elhamdani et al. 2000; Harkins and Fox 1998; Kasai et al. 1996) . However, because they express multiple Ca 2+ channel subtypes, the contribution of individual channels to secretion cannot be unambiguously discerned. To overcome this problem, we have developed a novel model that employs recombinant ion channels and MPC cells.
We report here on one of the MPC cell lines established by Powers et al. (Powers et al. 2000) . We show that this cell line expresses proteins associated with secretion. The MPC cell line does not express endogenous Ca 2+ channels and so exhibited no exocytosis when stimulated by trains of depolarizations. N-type Ca 2+ channels, that contain the synprint site, initiate neurotransmitter release from neurons and from secretory cells upon activation (Takahashi and Momiyama 1993) (Artalejo et al. 1994 ) (Wheeler et al. 1994 -channels. Our study shows that secretion can be elicited by recombinant Ca 2+ channels. We expect that MPC cells in conjunction with recombinant ion channels will be useful for studying molecular mechanisms of secretion at the single cell level.
Materials and Methods
Cell Culture. MPC 9/3L cell line was grown in culture medium that consisted of RPMI-1640, 10% heat-inactivated horse serum, 5% fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin, and 100 µg/ml streptomycin in a humidified 5% CO 2 incubator at 37 o C. To test the effects of various differentiation agents, the cells were treated for 8-12 days with medium that contained nerve growth factor (NGF, 100 ng/ml), epidermal growth factor (EGF, 50 ng/ml), basic fibroblast growth factor (bFGF, 25 µg/ml), dexamethasone (DEX, 10 µM), retinoic acid (RA, 1 µM), or dibutyryl adenosine cAMP (cAMP, 1 mM), which was used with 2 µM 5-fluorodeoxyuridine. All of the stock solutions were stored at -20 EC and mixed with medium just prior to use.
Immunoblot analysis. MPC 9/3L cells were maintained for 4 days in control medium or medium supplemented with GDNF (50 ng/ml) or dexamethasone (10 µM). Cell proteins were extracted in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.5% w/v sodium deoxycholate, 0.1% w/v sodium dodecyl sulfate, and 1% v/v NP-40) plus protease and phosphatase inhibitors (100 mM NaF, 2mM sodium pyrophosphate, 1mM sodium vanadate, 4 µg/ml leupeptin, 20 µg/ml aprotinin, and 2 mM phenylmethylsulfonyl fluoride) and quantitated using BCA protein assay (Pierce Chemicals). Proteins (40 µg per lane) were separated on a 10% polyacrylamide gel and transferred to a nylon membrane (Nytran, Schleicher and Schuell) (Towbin et al. 1979 ).
Blots were incubated in 1% (w/v) casein in Tris-buffered saline to block non-specific staining and then probed with the following antibodies: anti-tyrosine hydroxylase (1:5000, DiaSorin), anti-chromogranin A and anti-chromogranin B (each 1:1000, gifts from R. Fischer-Colbrie, (Fischer-Colbrie and Schober 1987)), anti-syntaxin (1:1000, Calbiochem), and anti-SNAP25
(1:1000, Alomone laboratories). Bound antibodies were detected by chemiluminescence using goat anti-rabbit or anti-mouse IgG conjugated to alkaline phosphatase (1:5000, Tropix) and CDP-Star (Tropix) as a reporter. Luminescence was digitally recorded using a Kodak 440CF
Image Station.
Transfection with Ca 2+ Channel cDNAs. Cloning of the bovine chromaffin cell α 1B (GenBank AF173882) and β 2a (GenBank AF174417) subunits of the N-type Ca 2+ channel has been described previously (Cahill et al. 2000) . The rat α 2 δ Ca 2+ channel subunit cDNA (GenBank M86621) was a kind gift from Terry Snutch (Univ. of British Columbia). Rabbit heart α 1C (GenBank X15339) was a kind gift from Dr. Gerald W. Zamponi (University of Calgary). Rat brain clone α 1G (GenBank AF027984) was a kind gift from Dr. Edward Perez-Reyes (University of Virginia). The day before transfection, the cells were replated to collagen-coated coverslips.
Cells were transfected with Qiagen-purified plasmids in a 5:5:5:1 µg ratio of the (Joshi and Fernandez 1988) , (Neher and Marty 1982) and have been described previously in detail (Harkins and Fox 1998). All current records were compensated for series resistance and whole-cell capacitance, and leak subtracted by averaging 16 hyperpolarizing sweeps. To block N-type Ca 2+ channels, ω-conotoxin GVIA (ω-CgTx GVIA) was mixed as a 1 µM solution with the Na + -free external solution.
Data Analysis. Statistical analysis of the data is expressed as mean ± standard error of the mean, and the Student t test was used to compare significance. To determine whether MPC 9/3L cells have proteins that are typically associated with synaptic vesicles, immunoblotting experiments were carried out with cells that were either untreated or treated with GDNF ( 50 ng/ml ) or DEX (10 µM) for four days. Both chromogranin A (CGA) and chromogranin B (CGB), the major proteins contained in large dense-core vesicles, were expressed in the MPC 9/3L cells; the expression of CGA was increased by treatment with DEX ( Fig 1B) . The increase in CGA but not CGB in response to DEX is consistent with the finding that maintenance of CGA levels in rat adrenal medulla depends on corticosteroids, while levels of CGB do not (Sietzen et al. 1987 ). Syntaxin and SNAP-25, the plasma membrane localized components of the SNARE complex, were also present in MPC 9/3L cells, and the levels of these proteins were not changed by GDNF or DEX.
Results

Morphological and Biochemical
Syntaxin appears as a doublet in Fig 1B because both the 1A and the 1B isoforms of syntaxin are present and recognized by the antibody (Foletti et al. 2000) . Finally tyrosine hydroxylase, the rate limiting enzyme in the biosynthesis of the catecholamine neurotransmitters was clearly expressed in the MPC 9/3L cells, and levels of this enzyme were increased in response to DEX (Fig. 1B) .
Despite the presence of tyrosine hydroxylase, HPLC analysis showed that MPC 9/3L cells stored only very small quantities of dopamine (0.02 nmoles/10 6 cells) or ~2% of the dopamine levels found in PC12 cells (2.9 nmoles/10 6 cells; (Greene and Tischler 1976) ).
Norepinephrine was not detectable in these cells. DEX-treatment of the cells (10 µM DEX for 6 days) increased dopamine levels about 5-fold and increased norepinephrine to detectable levels. Endogenous, voltage-dependent currents were characterized using cells patch-clamped in the whole-cell configuration. We recorded from phase-bright cells without processes that were ~20 µm in diameter (10 pF ± 0.21 pF, n=589 cells). Currents were elicited by step depolarizations to different potentials from a holding potential of -80 mV. Of 126 cells, 119 had an endogenous Na + current (I Na ) as shown in Fig. 2A . Endogenous I Na was blocked by bath application of TTX (either 100 nM (n=3) or 2 µM (n=3)) as shown in the superimposed upper current trace in Fig. 2A . Only 23 of the 126 cells tested had a small endogenous I Ca which averaged 70 ± 8 pA and ranged from 30-164 pA. Of the 126 cells tested, 3 cells had a small outward current, and 7 cells had no detectable current whatsoever.
When vesicles fuse with the plasma membrane, an increase in membrane surface area can be detected as a change in membrane capacitance (∆Cap) (Neher and Marty 1982 mV (50 ms step duration, 100 ms interpulse duration). As expected, the endogenous I Na did not support secretion (n=27) as no change in ∆Cap was observed upon stimulation (Fig. 2B ). No measurable secretion was observed in MPC 9/3L cells with the small endogenous I Ca when cells were depolarized with a train of either 5 or 10 depolarizations to 10 or 20 mV (n=10).
After treatment with NGF, PC12 cells exhibit increased Ca 2+ channel expression (Garber et al. 1989) , (Plummer et al. 1989) . In contrast, endogenous currents in the MPC 9/3L cells were not significantly changed after treatment of the cells with differentiating agents. We treated MPC 9/3L cells with several differentiating agents: 100 ng/ml NGF, 50 ng/ml EGF, 25 ng/ml bFGF, 10 µM DEX, 1 µM RA, and 1 mM cAMP. Whole-cell currents were recorded after 8-12 days of treatment and compared with control cells in culture for the same duration. There was no easily discernable difference in either the types of currents expressed or the endogenous Na + or Ca 2+ current density in cells treated with any of the differentiating agents compared to control cells, although one cell treated with cAMP exhibited an endogenous Ca 2+ current that was slightly larger than any seen in control cells (Table 1 ).
All subsequent results in this manuscript are from cells that were not treated with differentiating agents. [Ca 2+ ] i levels were monitored by loading MPC 9/3L cells with fura-2 (Fig. 3) . For each cell, data was averaged for the first 120 sec to determine resting [Ca 2+ ] i , and was, on average, 54 ± 4 nM (n=55 recorded. The first current trace (Fig. 4C, upper) was obtained prior to blockade by ω-CgTx GVIA while the second trace (Fig. 4C, lower) was obtained in the presence of the toxin.
Cells that expressed I Ca were stimulated with a train of 5 depolarizations to 20 mV (peak current) for 200 ms with a 50 ms interpulse duration while capacitance was measured. On average, peak exocytosis was 584 ± 108 fF (n=44) for MPC 9/3L cells transfected with N-type Ca 2+ channel subunits. The number of Ca 2+ ions that entered the cell during all 5 of the stimulations was 859 x 10 6 ions (± 100 x 10 6 , n=44). The averaged maximal rate of release was 657 ± 129 fF/sec (n=34). Although the MPC 9/3L cells did not have endogenous I Ca , when they were transfected with exogenous N-type Ca 2+ channels, they exhibited robust currents and rapid exocytosis. A rough estimate of "secretion efficiency" can be defined as the ratio of secretion (fF) divided by the number of Ca 2+ ions (x 10 6 ). The ratio in MPC 9/3L cells was similar to the ratio in PC12 cells but about half that in chromaffin cells (our unpublished observation).
The secretory responses of MPC 9/3L cells showed some run-down when cells were stimulated every five minutes even though I Ca was relatively unchanged. In 8 cells that were stimulated with multiple trains of depolarizations, the average peak secretion was 309 fF (± 62 fF) for the first stimulation and 230 fF (± 54 fF, p=0.83) for the second stimulation. The mean total number of Ca 2+ ions that entered the cell during the first stimulation was 646 x 10 6 ions (± 116 x 10 6 ions) and 614 x 10 6 ions (± 98 x 10 6 ions, p=0.36) for the second stimulation.
Rundown of secretion has been observed in other secretory cells (Harkins and Fox 1998). A
number of MPC 9/3L cells were stimulated more than twice, up to as many as 7 times, with decreasing but detectable secretion (data not shown).
L C -and T-type Ca
2+ channels. When either the α 1C or the α 1G subunits were substituted for the α 1B subunit, the MPC 9/3L cells expressed Ca 2+ currents with typical biophysical properties of the L C -and T-type Ca 2+ channel, respectively. MPC 9/3L cells with exogenously expressed α 1C subunits produced an I Ca that averaged 391 ± 50 pA and ranged from 141-724 pA (n=13), values almost 10 fold less than that observed for N-type channels. A representative inward I Ca with a peak of 533 pA is shown in Fig. 6A (left) for the L C -type Ca 2+ channel (α 1C ).
MPC 9/3L cells that were transiently transfected with the T-type Ca 2+ channel (α 1G ) expressed a rapidly inactivating I Ca that averaged 576 ± 142 pA and ranged from 85-1421 pA (n=10). A representative cell expressing T-type Ca 2+ channels is shown in Fig. 6B (left) with a peak I Ca of 1289 pA. Note the rapid inactivation exhibited during the depolarization is characteristic of this family of Ca 2+ channels. Current versus voltage plots are shown for cells expressing either L C - (Fig. 6A, middle) or T-type Ca 2+ channels (Fig. 6B, middle) . Each plot shows the average from capacitance (pA/pF). The peak I Ca for the L C -type Ca 2+ channels was observed at 20 mV whereas the peak I Ca for the T-type Ca 2+ channels was between -20 and -10 mV. The threshold for L C Ca 2+ channel activation was ~10 mV more negative than that for N-type Ca 2+ channels, while the T-type current activation was ~40 mV more negative than that of the N-type channels.
MPC 9/3L cells were stimulated with a train of 5 step depolarizations to +20 mV, while capacitance changes were monitored, in order to determine whether L C -type Ca 2+ channels supported secretion. A representative capacitance trace (Fig. 6A, -channels are composed of a pore forming α 1 subunit and accessory subunits (β, α 2 δ, γ). Ten different α 1 genes have been found (Catterall 2000) . Members of the Cav2 Ca 2+ -channel family (P/Q-type, N-type and R-type) are thought to initiate synaptic transmission (Hirning et al. 1988) ; (Takahashi and Momiyama 1993); (Turner et al. 1992 ); (Wheeler et al. 1994) ; (Wu et al. 1998) . Binding of N-and P/Q-type Ca 2+ channels to SNARE proteins is thought to couple the influx of Ca 2+ ions to rapid exocytosis (Catterall 1998) . Coimmunoprecipitation studies have shown that Ca 2+ channels associate with syntaxin and synaptotagmin in situ (Bennett et al. 1992; Leveque et al. 1992; Yoshida et al. 1992) , and in vitro binding assays have identified a region of the α 1B and α 1A Ca 2+ channel subunits called the synprint site which is necessary for binding of syntaxin (Sheng et al. 1994 ) (Rettig et al. 1996) .
This synprint site not only targets N-and P/Q-type Ca 2+ channels to presynaptic nerve terminals (Mochida et al. 2003b ) and anchors them there (Bezprozvanny et al. 2000) but also binds SNARE proteins resulting in changes in channel function (Bezprozvanny et al. 1995 ) (Wiser et al. 1997 ) (Mochida et al. 2003b ). The α 1 subunits of L-and T-type Ca 2+ channels do not have recognizable synprint sites (Mochida et al. 2003b) . Functional coupling between SNARE proteins and the α 1C Ca 2+ channel is somewhat controversial. One study suggested that syntaxin 1A did not alter L-type Ca 2+ channel gating (Bezprozvanny et al. 1995) , while other studies suggested that syntaxin could alter gating in this channel (Wiser et al. 1996; Wiser et al. 1999) .
Injecting peptides containing the synprint site inhibited synaptic transmission in neurons, whereas corresponding peptides made from the II-III linker of L-type channels had no effect (Mochida et al. 1996) . In contrast, insulin release from pancreatic beta cells is initiated by activation of L-type Ca 2+ channel. Insulin secretion was inhibited by a peptide made to the II-III loop of the L-type Ca 2+ channel (Wiser et al. 1999) . Although synaptic transmission appears, in general, to be mediated by members of the Ca V 2 family (N-, P/Q and R-type) (Mochida et al. 2003a ; Takahashi and Momiyama 1993) ; (Wheeler et al. 1994 Unfortunately, N-type channels expressed in MPC cells at significantly higher levels than did L C and T-type Ca 2+ channels. To get a rough estimate of secretory efficiency we normalized total secretion by Ca 2+ -influx; we observed that L C -and T-type Ca 2+ channels supported secretion with an efficiency that was similar to that of N-type Ca 2+ channel (data not shown). These results are not due to non-specific over-expression of Ca 2+ channels as expression levels of L C was low. Our results in MPC 9/3L cells suggest that all types of Ca 2+ channels can functionally couple to release sites. The fact that synaptic transmission is mediated primarily by Ca V 2 family members may be due to differential targeting of these channels to pre-synaptic nerve terminals (Mochida et al. 2003b) .
Other model cells that have been used to study secretory mechanisms include PC12 cells, adrenal chromaffin cells, and pituitary cells. However, a major drawback of each of these cells is multiplicity of endogenous Ca 2+ channel subtypes (Garber et al. 1989; Kongsamut and Miller 1986; Liu et al. 1996; Usowicz et al. 1990 ) which contributes to difficulties in correlation of secretion with a specific Ca 2+ channel. Many laboratories have tried to identify specific channel subtypes that contribute to rapid release (Artalejo et al. 1994; Liu and Tsien 1995; Lukyanetz and Neher 1999; Santana et al. 1999; Takahashi and Momiyama 1993; Turner et al. 1995) , and in each case, expression of multiple types of Ca 2+ channels complicated the analysis of data. In PC12 cells, about 30-40% of the whole-cell, high voltage-activated Ca 2+ current remained even after inhibition with specific pharmacological agents that block N-, L-, and P/Q-type Ca 2+ channels (author's unpublished results, and (Rane and Pollock 1994)). Because of their complicated endogenous backgrounds, cells commonly used for secretion studies do not allow the subunit composition of Ca 2+ channels to be altered in a controlled manner. In contrast to these other models, MPC 9/3L cells that lack endogenous Ca 2+ channels allow the subunit composition of the Ca 2+ channels to be altered in a controlled manner. Moreover, the efficiency of transmitter release in MPC 9/3L cells with transfected and defined Ca 2+ channels is similar to that seen with both adrenal chromaffin cells and PC12 cells.
MPC cell lines differ from PC12 cells in that they show little or no response to NGF (Powers et al. 2000) . Although some MPC lines respond to GDNF in a manner comparable to the NGF response of PC12 cells (Powers et al. 2002) , such a response does not occur with MPC 
